We report measurements of the Na 1s contribution to the nonresonant inelastic x-ray scattering ͑NRIXS͒ from NaCl and NaF. Prior x-ray absorption studies have observed two pre-edge excitons in both materials. The momentum-transfer dependence ͑q dependence͒ of the measured NRIXS cross section and of real-space full multiple scattering and Bethe-Salpeter calculations determine that the higher-energy core excitons are s type for each material. The lower-energy core excitons contribute at most weakly to the NRIXS signal and we propose that these may be surface core excitons, as have been observed in several other alkali halides. The analysis of the orbital angular momentum of these features leads to a discussion of the limited sensitivity of NRIXS measurements to d-type final states when investigating 1s initial states. In this case the s-and p-type final density of states can be characterized by measurements at a small number of momentum transfers. This is in contrast to the case of more complex initial states for which measurements at a large number of momentum transfers are needed to separate the rich admixture of accessible and contributing final-state symmetries.
I. INTRODUCTION
The interaction between the photoelectron and the concomitant hole which is present in electronic excited-state spectroscopies plays an important role in the optical and electronic properties of both condensed and molecular phases. [1] [2] [3] [4] This interaction is responsible for so-called finalstate effects, wherein the photoelectron wave function in the excited state does not correspond to an unoccupied state for the ground state of the system; the interaction with the core hole results in a fundamental modification of the density of states ͑DOS͒. The prototypical case in point is the formation of core-hole excitons, as is frequently observed in x-ray absorption spectroscopy ͑XAS͒ and related experimental methods. [2] [3] [4] [5] Recent progress in both real-space and reciprocal-space treatments of XAS incorporates the interaction between the photoelectron and core hole to account for final-state effects, resulting in significant improvements in calculations of XAS in the near-edge region. 1, [6] [7] [8] [9] [10] [11] Measurements of nonresonant x-ray Raman scattering ͑XRS͒, the core-shell contribution to nonresonant inelastic x-ray scattering ͑NRIXS͒, are blossoming as an alternative to and extension of XAS. In the limit of low momentum transfer ͑q͒, XRS provides a bulk-sensitive measurement whose transition matrix element is closely related to that for the absorption coefficient in XAS. 9, [12] [13] [14] [15] [16] However, as q increases, XRS becomes sensitive to dipole-forbidden final states, thus allowing a more complete investigation of the spectrum of possible excited states. 2, 17 XRS measurements have been used to determine the orbital angular momentum of excitons and other resonances in several materials. 2, 3, [18] [19] [20] [21] Here, we report new XRS measurements of the q dependence of excitonic features associated with the Na 1s initial states of NaCl and NaF. The optical and electronic properties of alkali halides have seen several decades of work and they serve as important test cases for understanding final-state effects in insulators. Most relevant for the present paper, there have been recent XAS and resonant Auger studies of the Na 1s initial state in both compounds which found demonstrably excitonic pre-edge features. 22, 23 While it has been difficult to explain the origin of two dipole-forbidden excitons in NaF, 23 there is good reason to believe that all of the observed pre-edge features are dipole forbidden for XAS from the Na 1s initial state. 22, 23 Their weak presence in the XAS measurements ͑where they should nominally be absent because of the dipole selection rule͒ is made possible by the symmetry-breaking effects of vibrational disorder. 24 Our q-dependent XRS measurements directly demonstrate that the underlying DOS in the pre-edge region is indeed predominantly dipole forbidden and new real-space full multiple scattering ͑RSFMS͒ and Bethe-Salpeter equation ͑BSE͒ calculations identify the DOS as being overwhelmingly s type. However, the XRS spectra find that this DOS is associated with the higher-energy pre-edge feature in NaCl and most clearly in NaF with little or no signal from the lowerenergy features. We discuss possible explanations for this behavior, including the small probability of 1s → d transitions even at high-momentum transfer and the weakness of spin-flip scattering in XRS, but are unable to find a model for two bulk excitons for the Na 1s initial state which is consistent with both theory and experiment. Given the experimental details of the prior XAS measurements, we propose that the lower-energy excitons in both materials may be surface core excitons, as have been observed in several other alkali halides. Further measurements will be necessary to test this hypothesis.
II. THEORY

A. Nonresonant inelastic x-ray scattering
The double-differential cross section for NRIXS is 
where ͑d / d͒ Th is the Thomson cross section, q is the momentum transfer from the incident photon to the system, and ប is the energy loss of the incident photon. The dynamic structure factor
͑2͒
where i and f label the initial and final states and there is an implicit sum over all electrons. The contribution of the valence electrons to S͑q , ͒ is typically called Compton or valence Compton scattering, whereas the contribution from core electrons is most often called nonresonant XRS.
In the dipole limit qa Ӷ 1, where a is the average radius of the photoelectron's initial state, the XRS contribution to S͑q , ͒ becomes proportional to the usual x-ray absorption coefficient ͑ , E 1 ͒ but with correspondence between the direction of q and the polarization direction and between the XRS energy loss ប and the XAS incident photon energy E 1 . 9, [12] [13] [14] [15] [16] Note that the incident photon energy in XRS measurements is much larger than the energy loss and consequently XRS provides a bulk-sensitive alternative to many traditional soft x-ray measurements of XAS. 13, 25 The strong penetration of the incident radiation uniquely allows for compatibility with extreme environments 26 such as highpressure cells, which has lately led to several interesting results. 14, 16, 27, 28 At higher momentum transfer, however, nondipole transition channels become important and XRS measurements can provide a more complete characterization of the full spectrum of final states for electronic excitations. 2, 17 Theoretical methods for XAS calculation have recently been extended to full calculations of the q dependence of S͑q , ͒, 9, 11, 29 and the advent of the third-generation light sources together with improved XRS spectrometers has enabled a rapid growth of applications of q-dependent XRS. 3, 15, 16, 18, 19, 21, 28, [30] [31] [32] For polycrystalline materials, such as those investigated in this work, the core-electron contribution to S͑q , ͒ can be decomposed into a sum of contributions from final states with particular orbital angular momentum l,
where l ͑͒ are the angular momentum-projected local final density of states or l DOS.
͑4͒
where l i and l are the initial and final angular momentum quantum numbers, are essentially atomic weighting factors. 9, 33 Given that the ͉M l ͑q , ͉͒ 2 coefficients may be calculated reliably, Eq. ͑3͒ provides two complementary approaches. First, when S͑q , ͒ is measured over a sufficiently wide range of q, 34 the system of linear equations in Eq. ͑3͒ may be inverted to provide a direct, experimental measurement of l ͑͒. 2, [18] [19] [20] [21] Second and conversely, Eq. ͑3͒ serves as the foundation to determine S͑q , ͒ from a theoretical calculation of l ͑͒. 9 B. Real-space full multiple-scattering calculations l-DOS calculations were performed using a q-dependent extension of the FEFF8.2 RSFMS software package. 9, 35 This code uses a single-particle Green's function employing selfconsistent muffin-tin potentials. Potentials are calculated for three distinguishable atoms: the central scattering Na atom, the other Na atoms, and the Cl atoms. Both the selfconsistent potentials and the final S͑q , ͒ are converged with respect to the number of angular momenta in the basis and the number of atoms included in the calculation. The calculations use the default statically screened core hole and Hedin-Lundquist self-energy. For both NaCl and NaF, convergence occurs for l = 3 and clusters of 69 atoms. To aid convergence, the source atom was displaced one interatomic spacing from the center of the cluster.
C. Bethe-Salpeter calculations
We also carried out calculations of the imaginary part of the dielectric function, 2 ͑q , ͒, with the framework of solution of the electron-core hole Bethe-Salpeter equation. From 2 ͑q , ͒, one can obtain other quantities, e.g., S͑q , ͒, generalized oscillator strength ͑GOS͒ and l DOS. This was done following an approach described earlier.
7,32 An effective twoparticle, electron-core hole equation of motion was solved, wherein the electron and hole were dressed by one-particle self-energies comparable to those used in earlier work 10 and interacted through the above screened interaction. In this way, several many-body effects were included in the calculation. We used a real-space method to calculate screening of the electron-core hole interaction. This approach is based on a combination of atomic-structure calculations and solidstate calculations done within the random-phase approximation and use of a model-dielectric function to ensure the correct long-range boundary conditions. 8 Additional Lorentzian broadening with 2 eV full width at half maximum was included to facilitate comparison to measured spectra and accompanying spectral resolution. Exploiting the octahedral Na + -site symmetry, we averaged over the momentumtransfer direction ͑or sample orientation direction͒ using momentum transfers of the form
.
͑5͒
This achieves correct averaging over anisotropy resulting from the difference between 3d-derived e g and t 2g contributions to Na 1s excited-state spectra, whereas 3s-and 3p-derived contributions are automatically isotropic.
36
III. EXPERIMENT
We performed NRIXS measurements with the lowerenergy resolution inelastic x-ray ͑LERIX͒ scattering user facility 37 at the undulator beamline 20-ID of the Advanced Photon Source at Argonne National Laboratory. Using LERIX, NRIXS spectra can be acquired simultaneously by up to nineteen independent analyzer-detector pairs, resulting in relatively high throughput of measurements despite the small NRIXS cross section. Working at the Si ͑555͒ reflection of the LERIX analyzers, the analyzer energy is fixed at 9890 eV. The binding energy of an electron in the Na 1s orbital in elemental Na is 1072 eV; therefore, the incident photon energy was scanned through an energy range near 10962 eV.
Powder samples of NaCl and NaF ͑Alfa-Aesar, 99.99% purity͒ were pressed into pellets. A large, flat face of the pellet was oriented in a reflection geometry at about 20°e levation with respect to the horizontal ͑i.e., the beam direction͒. As a result, the four lowest-q LERIX analyzers were at least partially blocked by strong absorption from the sample. Furthermore, data from one of the higher-q analyzers was removed due to problems with preamplifier noise. For an incident photon energy of 10962 eV, the remaining fourteen detectors have q = 4.3, 5.0, 5.8, 6.5, 7.2, 8.4, 9.0, 9.5, 9.9, 10.3, 10.6, 10.8, 11.0, and 11.1 Å −1 . Each pellet had a thickness of several times the penetration length of the material at typical incident photon energies ͑153 m for NaCl and 450 m for NaF at 10962 eV͒. The overall energy resolution of 1.4 eV was mainly monochromator limited. Selfconsistency between energy losses within individual spectra is better than 0.1 eV ͑Ref. 37͒; however, the overall energyloss scale may have ϳ1 eV systematic error due to malfunction of the monochromator encoder. Consequently, the spectra for both compounds were shifted to ϳ0.5 eV higher energy loss so as to agree with the energy calibration of recent XAS studies. 22, 23 All measurements took place at room temperature in a He-gas environment.
A total of 352 and 8 s integration time per point are used in the near-edge and extended region, respectively, for NaCl. A total of 256 and 8 s integration time per point are used in the near-edge and extended region, respectively, for NaF. After correcting for the elastic-scattering energy of each analyzer, the spectra at each q are normalized to absolute units by a simultaneous fit to the RSFMS-calculated atomic background outside the near-edge region and a Pearson function over a wide energy range for removal of the valence Compton background. 34, 38 For NaCl, we obtain 2.1ϫ 10 3 counts above a background of 1.1ϫ 10 4 counts at the Na K edge at q = 4.3 Å −1 and 9.8ϫ 10 3 counts above a background of 5.9ϫ 10 4 counts at the Na K edge at q = 11.1 Å −1 . For NaF, we obtain 1.7ϫ 10 4 counts above a background of 4.2 ϫ 10 4 counts at the Na K edge at q = 4.3 Å −1 and 7.8ϫ 10 4 counts above a background of 1.5ϫ 10 5 counts at the Na K edge at q = 11.1 Å −1 . Data binning and q averaging follow methods previously described. 18, 37, 39 We estimate a 20% systematic uncertainty in the normalization to absolute units for each q, due to the combination of theoretical uncertainties in the calculation of the q-dependent atomic background 9 and the ad hoc use of the Pearson form for the tail of the valence Compton profile. 34, 38 
IV. RESULTS AND DISCUSSION
In Figs. 1͑a͒ and 1͑b͒ , we show the Na 1s extended XRS spectra for NaCl and NaF, respectively. The XRS spectra are weighted averages of the individual XRS spectra for all fourteen analyzer-detector pairs ͑q = 4.3-11.1 Å −1 ͒. Also shown in each panel are the XAS results of Kikas et al., 22, 23 broadened to match the energy resolution of the present measurements ͑second curve from the top͒, and calculations using BSE and RSFMS methods ͑third and fourth curves from the top, respectively͒. All curves are normalized to the height of the first major peak and offset for clarity. Except for a strong q-dependent feature in the pre-edge region, which we will discuss in more detail below, the feature-by-feature agreement between the XRS, XAS, BSE, and RSFMS spectra is quite good. In the very near-edge region, peak heights are extremely sensitive to the strength of the electron-core hole interaction and band-structure effects. Hence the discrepan- cies between calculated and measured spectra seen in Fig. 1 are understandable.
In Fig. 2 , we focus on the very near-edge structure at the Na K edge of NaCl and NaF, respectively. The XRS spectra shown in Figs. 2͑a͒ and 2͑b͒ are the result of binning individual spectra into the five indicated ranges in q. The broadened XAS spectra of Kikas et al. 22, 23 provide dipole-limited reference spectra. For ease of presentation, the XRS and broadened XAS results are normalized by the intensity of the first major peak. For both NaCl and NaF, the XRS spectra show an increase in the magnitude of the pre-edge feature relative to the first major peak with increasing q. In Fig. 2͑c͒ we show an enlarged view of the unbroadened XAS results. 22, 23 Note the clear presence of two pre-edge features for NaF and the less well-resolved corresponding peaks in the NaCl spectrum. The arrows indicate estimated peak locations and the dashed lines in Figs. 2͑a͒ and 2͑b͒ are at the corresponding energies. For both NaCl and NaF, the strong q-dependent feature occurs at energies much more consistent with the higher-energy pre-edge features than the lowerenergy features. This is illustrated in Fig. 2͑d͒ , where we show an ad hoc characterization of the nondipole XRS contribution in this energy region by subtracting the broadened XAS results from the high-q XRS spectra. In Fig. 3 , we show q-dependent BSE calculations for the Na K edge for both materials. These calculations show qualitative agreement with the XRS spectra; there is no evidence for two pre-edge features and the magnitude of the observed preedge feature increases with increasing q.
These results demonstrate the presence of dipoleforbidden final states in the pre-edge region for both NaCl and NaF. We now address whether the orbital angular momentum of these excitations can be determined from the q dependence of the XRS intensity, 2,3,18,20,21 before discussing possible explanations for the weak or zero contribution to the XRS signal of the lower-energy excitons observed in the XAS spectra.
It is clear from Eq. ͑3͒ that two criteria must be satisfied in order for a sharp spectral feature to appear in an XRS spectrum: there must be a sharp feature in at least one component of the l DOS, and the associated weighting factor ͑2l +1͉͒M l ͑q , ͉͒ 2 must have significant amplitude in the experimentally accessible range of q and physically relevant range of . In Figs. 4͑a͒ and 4͑b͒ , we show the RSFMS calculations for Na l DOS for NaCl and NaF, respectively. In both NaCl and NaF, there is significant weight in the s DOS peaked just below or at the ground-state Fermi energy E F consistent with the assignment of an s-type bound state. Note that there is no weight in the d DOS for either compound until well above ͑approximately 1.5 and 3.0 eV for NaCl and NaF, respectively͒ the nominal absorption edge at the midpoint in the rise of the p DOS ͑E − E F = 0.6 and 0.9 eV for NaCl and NaF, respectively͒.
In Fig. 5 , we show the calculated ͑2l +1͉͒M l ͑q , ͉͒ 2 coefficients appearing in Eq. ͑3͒, scaled by q 2 , as a function of q for each compound at three selected energies. The energies are chosen, respectively, to be very close to E F , safely into the near-edge regime and somewhat into the extended regime. At all energies and all experimentally accessible q, the coupling to p-type final states is largest but the coupling to s-type final states is also significant, especially at high q. In all panels of the figure the l = 2 curves have been multiplied by 100; there is essentially zero coupling to d-type final states from the 1s initial state at all energy losses and q. As a consequence, XRS from the Na 1s initial state will not be sensitive to d-type final states, should any exist. We return to this issue shortly.
On the basis of the qualitative aspects of calculated l DOS ͑Fig. 4͒ and coefficients for Eq. ͑3͒ ͑Fig. 5͒, the observed q-dependent pre-edge features in NaCl and NaF must be s type. This may also be tested quantitatively. Given that these excitations are relatively localized in energy, it is natural to calculate the q dependence of their generalized oscillator strength
where the integral is performed over the relevant energy range. 40 In Fig. 6 we show the measured and calculated GOS͑q͒. The experimental measure for GOS͑q͒ is determined by fitting S͑q , ͒ to two Gaussian peaks in the immediate near-edge region. Due to uncertainty in the absolute energy scale, we fixed the energy difference between the centers of the two Gaussians to 2.47 eV for NaCl and 3.37 eV for NaF but included the center of the main peak as a variable in the fit. We then evaluated Eq. ͑6͒ for the lowerenergy Gaussian peak ͑corresponding to the pre-edge feature͒. The error bars are dominated by the experimental uncertainty due to absolute normalization of S͑q , ͒. The BSE GOS͑q͒ is calculated from the s-to-s transition contribution to 2 ͑q , ͒. In atomic units, S͑q , ͒ is related to 2 ͑q , ͒ by the expression
where ⍀ C is the unit-cell volume. The RSFMS GOS͑q͒ is determined from the contribution to S͑q , ͒ from the s-type DOS above the band gap but below the nominal absorption   FIG. 4 . ͑Color online͒ RSFMS calculations of the Na l DOS for ͑a͒ NaCl and ͑b͒ NaF.
FIG. 5. ͑Color online͒ The calculated l-DOS weighting factors
2 , scaled by q 2 , based on Na 1s initial states for NaCl ͑a , b , c͒ and NaF ͑d , e , f͒ at the indicated energies. Note that the l = 2 curve has been increased by a factor of 100 in all panels.
edge ͑midpoint in rise of the p DOS, see Fig. 4͒ . The agreement between the theory and experiment provides additional support that the respective pre-edge features in NaCl and NaF are s-type excitons.
The weak sensitivity to d-type final states for q-dependent XRS from 1s initial states deserves further comment. In Figs. 7 and 8, we compare calculated ͑2l +1͉͒M l ͑q , ͉͒ 2 coefficients for the 1s and 2s initial states of several alkali fluorides. All calculations are performed at 5 eV past the Fermi energy; this choice is safely within the near-edge regime and away from instabilities due to the inexact determination of the Fermi energy. The results on each panel are normalized by the natural scale set by the p-type channel at q = 0, i.e., the dipole limit. While it is generically the case that the l =2 contribution to the XRS will be small for the 1s initial state ͑Fig. 7͒, this is not true for 2s initial states ͑Fig. 8͒, whose greater spatial extent allows for significant overlap with d-type orbitals. While we are unfamiliar with any XRS measurement for a 2s initial state for an alkali-metal atom, a significant amplitude has been observed for 2s → d transitions in q-dependent XRS measurements of Al and Mg. 30 These results may be helpful in planning future q-dependent XRS studies. In cases for which XRS is insensitive to l Ն 2 final states, a small number of momentum transfers is sufficient for experimental determination of the s and p DOS. However, a large number of momentum transfers is useful to over specify the system of equations 18 and is necessary for decomposition of the l DOS when a greater number of orbital angular momenta contribute to the XRS spectra.
Before concluding, we discuss possible explanations for the occurrence of two excitons in the XAS results in NaCl and NaF for the 1s core hole. The results presented here exclude the suggestion that both NaF features are d type. 23 While the weak spin-flip scattering in NRIXS would indeed make our measurements insensitive to a 3 S 1 -triplet final state, as has been considered for the lower-energy feature, 23 the same would be true for XAS measurements because of the conservation of total spin by the dipole operator. Hence, it is difficult to explain the lower-energy features as being second bulk dipole-forbidden excitons.
However, it is interesting to consider whether these features may be surface core excitons. Surface core excitons were first observed in GaAs by Lapeyre and Anderson, 41 and have subsequently been observed in several alkali halides. [42] [43] [44] The surface exciton always appears at lower energy than the bulk exciton, by an amount as large as 1.3 eV for the Li 1s initial state in LiCl. 43 The details of the XAS experiments, where evaporated 10-nm-thick films were studied with 40°angle of incidence of the x-ray beam 22, 23 may give some sensitivity to surface excitations despite the nominally bulklike penetration length for radiation at the Na K edge. Given that the two XAS pre-edge features for each material appear with similar intensities, any surface contributions may need to be at least weakly dipole allowed. A combined study of the photoelectron and absorption spectra for the Na 2p initial states of NaCl and NaF finds evidence FIG. 6 . ͑Color online͒ GOS in the bound region for the theoretical s-type contribution calculated by BSE ͑solid triangles͒ and RSFMS ͑solid squares͒ and measured by XRS ͑Fig. 2͒ as a function of momentum transfer for ͑a͒ NaCl and ͑b͒ NaF. See the text for details.
FIG. 7. ͑Color online͒ Calculated ͑2l +1͉͒M l ͑q , ͉͒ 2 for the 1s initial states of the alkali atom in LiF, NaF, KF, RbF, and CsF, normalized by the l = 1 value in the dipole limit ͑q =0͒. The parameter a is the mean radius of the 1s initial state for the alkali atom. For each calculation, the photoelectron final-state energy was chosen to be 5 eV above the Fermi energy; the value of the energy is included in panel ͑b͒ for comparison to panels ͑d͒-͑f͒ of Fig. 5 . Note the large multiplying factors needed to bring the l = 2 terms onto the scale of the figure. As a consequence, transitions to d-type final states from the 1s initial state are effectively unobservable in the near-edge region, even at large q.
for two excitonic states in each material. For NaCl the behavior of the lower-energy feature indicates that it is a surface exciton. However, the behavior of the lower-energy feature for NaF is not consistent with a surface exciton, and is instead proposed to be a second, bulklike exciton. 44 The different photoelectron-hole interactions for the 1s and 2p core holes may be relevant. New XAS measurements of the Na 1s core excitons in both materials, taken as a function of the angle to the surface of both the incident radiation and the polarization vector would be beneficial to help resolve this dilemma. Given the significant penetration length of both materials at the Na K edge, transmission-mode XAS studies are also possible and would give a useful, unambiguous bulk characterization.
Finally, it is fair to ask whether the differences in the XAS and XRS results may be due to an inherent limitation of XRS; the cross section for this process is very small and consequently the samples experience long exposures in intense beams. All alkali halides can show beam-damage effects and in the present case the samples showed significant blackening in only a very thin layer at the surface, presumably due to ozone damage from residual air in the sample chamber. However, there are several issues which make beam damage an unlikely explanation for the absence of the lower-energy exciton in the XRS spectra. The strongest evidence against beam damage is the otherwise strong agreement between XRS, XAS, and theory from the edge to 40 eV past the edge. Additional support comes from the good qualitative and quantitative agreement between XRS and theory as regards the character and q dependence of the observed exciton for each material. Most generally, any beam-damage effect which sufficiently disturbs the local atomic structure so as to remove one distinct pre-edge resonance is necessarily bulklike and hence it is difficult to reconcile such damage with the absence of strong influence on so many other features which are also highly sensitive to local atomic structure. Hence, while we cannot experimentally exclude that beam-damage effects may remove the second exciton from the XRS spectra, we believe it to be very unlikely.
V. CONCLUSIONS
We have presented new q-dependent measurements of the Na 1s contribution to the NRIXS from NaCl and NaF. These measurements, together with new calculations using the realspace full multiple-scattering method and the Bethe-Salpeter equation, determine that the higher-energy core excitons identified in previous XAS and resonant Auger studies are predominantly s type for each material. However, the lowerenergy core excitons seen in the previous studies are absent in the NRIXS measurements. The small probability of 1s → d transitions and small amplitude for spin-flip scattering are discussed and excluded as explanations for a second bulk core exciton that is not probed by NRIXS. We propose that the lower-energy features are surface core excitons and suggest further measurements to test this hypothesis. We further discuss the implications of the small probability of 1s → d transitions for future q-dependent measurements. 2 for the 2s initial states of the alkali atom in NaF, KF, RbF, and CsF, normalized by the l = 1 value in the dipole limit ͑q =0͒. The parameter a is the mean radius of the 2s initial state for the alkali atom. For each calculation, the photoelectron final-state energy was chosen to be 5 eV above the Fermi energy. Unlike the calculations for the 1s initial states ͑Fig. 7͒, transitions to d-type final states may be observed at experimentally accessible values of q.
